The objective of this study was to determine the functional and structural properties of Maillard reaction products of mung bean [Vigna radiate (L.)] protein isolate with dextran obtained under the temperature of 80°C or 90°C with different times (0, 1, 2, 3, 4, 5, and 6 h). The mung bean protein isolate-dextran conjugate had better solubility, emulsifying activity, and emulsifying stability than mung bean protein isolate; however, the protein aggregation decreased the solubility, surface hydrophobicity, emulsifying activity, and emulsifying stability of mung bean protein isolate-dextran conjugate. In general, these functional properties of mung bean protein isolate-dextran conjugate obtained at 80°C with lower degree of glycosylation and browning degree were better than mung bean protein isolatedextran conjugate obtained at 90°C. Both vicilin (8S) and legumin type (11S) globulins both participated in the graft reaction, the subunit with a molecular weight of 21 kDa that contributed to 11S globulin might be the most vulnerable to dextran followed by the 60, 32, and 26 kDa subunits. Maillard reaction between mung bean protein isolate and dextran led to a decreased fluorescence intensity and a bathochromic shift. The fluorescence intensity of mung bean protein isolate-dextran conjugate generally decreased, and λ max of mung bean protein isolate-dextran conjugate first increased and then decreased. The grafted mung bean protein isolates had lower α-helix content but higher β-sheet content. As the Maillard reaction between mung bean protein isolate and dextran proceeded, the α-helix contents of the mung bean protein isolate-dextran conjugates were significantly increased and then decreased, and the β-sheet content generally decreased and then increased. Excessive grafted dextran and more protein aggregation was observed in mung bean protein isolate-dextran conjugate obtained at 90°C, which induced structural changes that might have impaired the functions. Our findings suggest that conjugation of mung bean protein isolate with dextran through the Maillard reaction is an effective way of improving the functional properties of mung bean protein isolate for its application in the food industry.
Introduction
Mungbean [Vigna radiata (L.)] has been traditionally grown in most parts of China and has been accepted as part of the local diet, such as soups and desserts. Mungbean contains balanced nutrients including protein, dietary fiber, and significant amounts of bioactive phytochemicals, and is a popular food in China due to its detoxifying, anti-inflammatory, antitumorigenic, cholesterol-lowering, and diuretic properties. [1] The high levels of proteins, amino acids, oligosaccharides, and polyphenols in mung beans are thought to be the main contributors to the antioxidant, antimicrobial, anti-inflammatory, and antitumor activities of this food and are involved in the regulation of lipid metabolism. [2] Mung bean protein isolate (MBPI) has many desirable functions in processed foods, such as foaming, emulsifying, gelling, and water absorption. [3] The biofunctional properties of mung bean protein hydrolysate and peptides, such as antioxidant capacity of andangiotensinconverting enzyme (ACE) inhibitory activity, have also been previously reported. [4] The techno-functional characteristics of proteins can be intensified using physical, chemical, or enzymatic treatments to obtain food ingredients for different applications. [5] One modification recognized as being suitable for producing speciality ingredients for food applications is proteinpolysaccharide conjugation via a Maillard-type reaction. In order to obtain better functions, we previously conjugated MBPI with glucose to increase its solubility, emulsification activity, and emulsification stability. [6] Conjugation of proteins with polysaccharides leads to better emulsifying properties and heat stability compared with that achieved with mono-or disaccharides. [7] Different proteins such as whey protein isolate, lactoglobulin, and β-conglycinin have therefore been conjugated with dextran to improve their solubility, emulsifying and heat stability properties. [8] In this study, we modified MBPI using a Maillard-type conjugation with dextran for its future application in the food industry.
Two approaches have been used to carry out the Maillard reaction: the dry heating method and the wet heating method. The former generally takes a long time (several weeks) to form the proteinsaccharide grafts and does not conform to the requirements of industrial production; the latter takes less time, usually tens of hours (especially between a protein and a polysaccharide), but its disadvantages include the need for the removal of the water and buffer when recovering the products. [9] Therefore, from the industrial point of view, we used the wet-heating method for the synthesis of the MBPI-dextran (MBPI-D) conjugate in our study.
We also then studied the physicochemical properties of the MBPI-D conjugates prepared using the wet-heating method. This study extends our knowledge of the functional changes caused due to Maillard reactions of MBPIs and provides an effective way to improve the functional properties of MBPIs for their better application in the food industry.
Materials and methods

Materials
Mung bean [Vigna radiata (L.)] seeds were purchased from a local market. MBPIs were prepared according to Kudre's method, [10] with a slight modification. The hulls were removed manually after soaking the mung bean seeds for 12 h in distilled water (1:10, w/v) at 4°C. The dehulled seeds were then broken in a beater. The pH of suspension was adjusted to 9 using 1 M NaOH. The mixture then was stirred continuously for 20 min at room temperature, followed by centrifugation at 10,000g for 30 min at 4°C. Next, the supernatant was collected and the pH was adjusted to 4.0 using 1 M HCl, the supernatant was then again centrifuged at 10,000g for 30 min, followed by collection of the precipitated proteins and dissolving them in distilled water. The pH was then again adjusted to 7.0 using 2 M NaOH followed by dialysis with distilled water at 4°C for 24 h and freeze-drying. The dried powders obtained were referred to as MBPIs. The MBPIs were placed in polyethylene bags, sealed, and stored at 4°C until further analysis. The final MBPI product had a protein content of 90.76 ± 1.12%, as determined using the Kjeldahl method. All the other chemicals were of analytical grade.
Preparation of MBPI-D conjugates
For preparing the MBPI-D conjugates, the MBPIs (10 mg/mL) prepared as described in the previous section were first dispersed with dextran (10 mg/mL) in phosphate buffer solution (0.2 mol/L, pH 7.8). The solution was divided into multiple samples, which were then placed in a water bath at a temperature of 80°C or 90°C for different times (0, 1, 2, 3, 4, 5, and 6 h). Thereafter, the slurry was cooled in ice-water to stop the reaction, followed by dialysis of the slurry at 4°C for 24 h. Finally, the sample was freeze-dried and stored at −20°C. The MBPI-D conjugates obtained by heat treatment at 80°C and 90°C were labeled as MBPI-D-80 and MBPI-D-90, respectively; the MBPI-D conjugates obtained by heat treatment at 80°C and 90°C with 0-6 h were labeled as MBPI-D-80/90-0-6.
Measurement of the degree of glycosylation
The degree of glycosylation (DG) was calculated based on the loss of amino groups. The amount of free amino groups was determined using the o-phthaldialdehyde (OPA) method [11] with some modifications. The OPA reagent was prepared by dissolving OPA (40 mg) in 1 mL of methanol, 2.5 mL of 200 g/L sodium dodecyl sulfate (SDS), and 25 mL of 0.1 mol/L borax, and then adding 100 μL of 2-mercaptoethanol (2-ME). Finally, distilled water was added to make the volume up to 50 mL. The OPA reagent (4 mL) was then placed in a tube and injected with 200 μL of sample solution. After blending, the solution was incubated at 35°C for 2 min and the absorbance at 340 nm was measured. The DG was calculated as follows:
where A 0 and A 1 are the absorbance values before and after glycosylation with glucose, respectively.
Browning
The browning of Maillard reaction products (MRPs) was measured according to the method described by Diftis and Kiosseoglou [12] with a slight modification. The samples were diluted with 1 mg/mL SDS to a concentration of 2 mg/mL of protein and the blank samples were diluted with deionized water. The extent of browning was determined by measuring the absorbance at 420 nm using a UV-2550 spectrophotometer (Jinghua, Shanghai, China).
Solubility
Protein solubility was determined by dispersing the samples in distilled water to obtain a final solution of 2 mg/mL in protein.
The pH values of the protein solution were adjusted in the range of 3-9 using 0.5 M HCl or 0.5 M NaOH and the solutions were then centrifuged at 12,000 g for 30 min (4°C). The protein content of the resulting solution was analyzed using the Lowry's method. [13] Emulsifying properties
The samples were dissolved in phosphate buffer solution (10 mmol/L, pH 7.0) to obtain a final protein content of 2 mg/mL. For emulsion, soybean oil and protein solution (1:3, v/v) were homogenized using a homogenizer (AE300L-H, Shanghai Angni Instruments Co., Shanghai, China) at 24,000 rpm for 1 min. After homogenization for 0 and 10 min, 50 μL of the emulsion was immediately taken from the bottom of the beaker, and diluted to 1:100 using 1 mg/mL SDS solution. The absorbance of the diluted emulsion was then recorded at 500 nm. The emulsification activity index (EAI) and emulsification stability index (ESI) were calculated as follows:
where DF is the dilution factor (100), C is the protein concentration (g/mL), φ is the optical path (1 cm), θ is the oil volume fraction (0.25), and A 0 and A 10 are the absorbance values of the emulsion at 0 and 10 min, respectively.
Surface hydrophobicity
Surface hydrophobicity (H 0 ) values of the proteins in the samples were determined by using 1,8anilinonaphthalenesulfonate (ANS) as the fluorescence probe. The ANS solution (20 μL, 8.0 mmol/ L) was added to 4 mL of 0.05, 0.1, 0.2, 0.5, and 1 mg/mL protein solution, prepared using phosphate buffer solution (10 mmol/L, pH 7.0). Fluorescence intensity (FI) was measured at 390 nm (excitation) and 470 nm (emission) using a Hitachi F-7000 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) with a slit width of 5 nm for both. The initial slope of the FI versus protein concentration plot was used as the index of H 0 .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Gel electrophoresis was conducted according to Laemmli's method [14] using 12% and 5% acrylamide separating and stacking gels, respectively. The samples were prepared in 0.125 mol/L Tris-HCl buffer, containing 10 mg/mL SDS, 2% (v/v) 2-ME, 20% (v/v) glycerol, and 0.25 mg/mL bromophenol blue, and heated for 5 min in boiling water before electrophoresis. After the electrophoresis, the gel sheets were stained for protein with Coomassie brilliant blue R-250. The protein stain was destained using 10% acetic acid (v/v) containing 10% methanol (v/v).
Intrinsic fluorescence emission spectroscopy
The intrinsic emission fluorescence spectra of the protein samples were obtained using a Fluor photometer (Hitachi Ltd.) as described previously. [15] Protein dispersions (0.15 mg/mL) were prepared in 0.01 mol/L phosphate buffer (pH 7.0). The excitation wavelength was 290 nm, and the emission spectra were recorded from 300 to 400 nm at a 10 nm/s scanning speed by using a constant 5 nm slit for both excitation and emission. Each scan was performed five times.
Measurement of circular dichroism spectra
Circular dichroism (CD) spectroscopy in the far-ultraviolet region was used to examine the change in protein secondary structure as described by Jiang et al. [15] The samples were weighed and dissolved in a 0.01 mol/L phosphate buffer (pH 7.0) to a concentration of 0.4 mg protein/mL and then centrifuged at 12,000g for 20 min at 20°C to remove any insoluble residues. The final concentration of the proteins used for CD analysis was 0.2 mg/mL. A Jasco-815 CD spectrometer (Jasco Co., Tokyo, Japan) was used for scanning between 200 and 250 nm, and the experiments were conducted at 20°C. The optical length of the sample cell was 1 mm, the sensitivity was 100 mdeg/cm, the scan speed was 100 nm/min, and the resolution was 0.1 nm. Each scan was performed five times, and the mean was calculated from the experimental data. The software package CDPro (Jasco Co.) was used to model the secondary structure of the proteins, and CONTIN/LL was used as the algorithm. The mean residue weight of the proteins was 115 g/mol. The wavelength range used for calculations was 200-240 nm, and each sample was measured three times.
Statistical analysis
All the tests were performed in triplicate, and the results are given as means ± standard deviations. Duncan's multiple range test was used to evaluate significant differences (P < 0.05) between results.
Results and discussion
Browning and degree of glycosylation
The MBPI-D glycosylation reaction was mainly based on the reaction between the free amino group of the protein amino acid side-chain and the carbonyl group at the end of polysaccharide molecules. Hence, changes in the free amino group on the MBPI molecular chain can reflect the level of glycosylation grafting reaction, which can be quantified by the DG. [16] The browning and the DG of MBPI-D conjugates obtained under different treatment conditions are shown in Figs. 1A and 1B. The DG values of the MBPI-D conjugates were higher than those of MBPI. The DG of the MBPI-D-80 conjugates increased with time. To initiate grafting reaction between MBPI and dextran, the reducing aldehyde group needs to come in contact with the ε-amino group on the protein chain. Not all the ε-amino groups on MBPI chains are exposed at the beginning of reaction; however, this exposure can be promoted by incubation. [17, 18] Therefore, more dextran could have been grafted on the MBPI chain, which increased the DG. The DG of the MBPI-D-90 conjugates generally increased with time and was higher than that of MBPI-D-80, which suggested that more dextran had been grafted with MBPI at 90°C.
The browning of MBPI-D was generally higher than that of native MBPIs, which could have been because the reaction between the free amino groups of proteins, and the reducing end carbonyl group of the sugars could increase the color intensity. [6] The increasing absorbance values resulting from browning can be used as an indicator of the browning degree caused by the Maillard reaction at more advanced stages. [19] The higher browning degree of MBPI-D-90 confirmed more advanced glycosylation end products or even melanoidins.
Solubility
The Maillard reaction can be divided into three stages: initial, intermediate, and advanced stages. The initial stage involves the condensation of the carbonyl group of the reducing sugar with the available ε-amino groups (lysine being the primary reactive amino group) of the protein, which results in the formation of an Amadori product via the formation of a Schiff base with the release of water and the Amadori rearrangement. [20] The intermediate stage involves the degradation of Amadori products, which results in the formation of a wide range of compounds. The final stage of the production of extensively colored, water-insoluble, nitrogen-containing polymeric compounds is referred to as "melanoidins." [20] As shown in Figs. 2A and 2B , the MBPI-D exhibited substantially improved solubility properties compared with MBPI. Enhanced solubility was also been observed in other proteins, such as whey protein isolate, [21] peanut protein isolate, [22] lysozyme and casein, [23] β-lactoglobulin, and bovine serum albumin [24] after conjugation with dextran.
The solubility of MBPI-D-80 and MBPI-D-90 generally first increased and then slightly decreased with graft time. The solubility of MBPI-D-80 was higher than that of MBPI-D-90. This can be explained by the fact that the increased number of hydrophilic hydroxyl brought by the grafted dextran formed a hydration layer on the surface of MBPI, which increased the hydrophilicity of MBPI. [25] However, protein oxidation and protein aggregation increased with the degradation of Amadori products and formation of "melanoidins," which decreased the solubility of MBPI-D. Insoluble protein aggregation could also be an important factor in the decrease of the solubility of MBPI-D. Oliver et al. [26] also suggested that the occurrence of disulfide bridges, as well as crosslinking among peptides, reduces protein solubility.
Emulsifying properties
Pea proteins are known to be able to decrease the oil-water interfacial tension and contribute to emulsion stabilization by the formation of a rigid membrane. [27] As depicted in Figs. 3A and 3B, adding dextran slightly increased the EAI and ESI of MBPI, which is consistent with a previous report indicating that the properties of protein emulsions can be enhanced by using high-molecularweight polysaccharides that keep emulsion droplets apart after their formation and thus protect them against aggregation and coalescence. [8] Furthermore, the EAIs of MBPI-D-80 and MBPI-D-90 were higher than that of MBPI. It is now well-recognized that the formation of protein-polysaccharide conjugates combines the characteristic property of proteins to facilitate their strong adsorption to the oil-water interface with the characteristic property of the polysaccharides for solvation in the aqueous phase medium. [28] Therefore, the most striking characteristic of the protein-polysaccharide conjugates is the excellent emulsifying properties. [29, 30] Figure 3 also shows that the EAIs and ESIs of MBPI-D-80 and MBPI-D-90 both first increased and then decreased, while the EAI and ESI of MBPI-D-80 were both higher than those of MBPI-D-90. This result suggested that the hydrophobic protein moiety firmly attached to the oil droplet surface and the bulky hydrophilic part of the covalently linked polysaccharide highly oriented to the water phase, which has been supposed to provide a steric stabilizing layer to inhibit the coalescence of the oil droplets. [21] Improvements in emulsifying properties by heating can be mainly attributed to increased hydrophobic surface and flexibility as a consequence of thermal denaturation. [31] However, the heat aggregation of proteins would impair their emulsifying properties. [32] Besides, Dickinson and Semenova [33] showed that when more dextran attaches to proteins, it reduced the surface activity, presumably due to a lower rate of protein adsorption at the oil-water interface. In our study, we also found that the ESI of MBPI-D-90 decreased from 2 to 6 h more significantly than that of MBPI-D-80 did, which might be because polymeric aggregation at the later stage of the Maillard reaction did not benefit the emulsifying capacity of the hydrophobic protein. [34] Surface hydrophobicity urface hydrophobicity is a structure-related function, which is dependent on the size and shape of the protein molecule, amino acid composition, and sequence, as well as any intramolecular or intermolecular cross-links. As shown in Figs. 4A and 4B, no significant change was observed between MBPI and MBPI-D; however, a slight decrease was found in the MBPI-D conjugate compared with the MBPI. Glycation has been suggested to reduce the exposure of hydrophobic groups buried intramolecularly; additionally, the bonding of hydrophilic straight-chain dextran increases the hydrophilicity on the molecule surface. [35] In our study, we also found a sharp decrease in the surface hydrophobicity of MBPI-D-80 with 4 h of graft treatment, which might be related to protein aggregation. We previously showed that protein denaturation increases the surface hydrophobicity, and that surface hydrophobicity decreases as aggregates are formed. [36] In general, the surface hydrophobicity of MBPI-D-90 was lower than that of MBPI-D-80, which suggested that more dextran grafting and aggregation formation decreased protein hydrophobicity to a large extent. 
SDS-PAGE profile
SDS-PAGE has been used as a reliable method for identifying covalent coupling between proteins and polysaccharides. [29] Mendoza et al. [37] reported that mung bean consists of 89% 8S vicilin, 3.4% 7S globulin, and 7.6% 11S globulin, and detected that the native molecular weights of the different globulin types were 360,000 for 11S legumin, 200,000 for 8S vicilin, and 135,000 for basic 7S. Vicilin consists of four types of peptides with molecular weights of 60, 48, 32, and 26 kDa. 7S globulin has a molecular weight of 28 and 16 kDa, while 11S globulin has a molecular weight of 40 and 24 kDa. Ericson and Chrispeels [38] reported the subunit molecular weights obtained for 8S and 11S mungbean globulins were 56, 44, and 165 kDa for 11S and 63, 50, 34, and 24 kDa for 8S.
The SDS-PAGE profiles of MBPI and MBPI-D obtained in our study are shown in Figs. 5A and 5B. Six bands of 60, 56, 43-48, 32, 26, and 21 kDa were obtained for MBPI. The bands of 60, 32, and 26 kDa were attributed to vicilin, those of 56 and 21 kDa were attributed to 11S globulin. The wide bands of 43-48 kDa might be related with both vicilin and 11S globulin. No distinct bands of 7S were obtained; however, the 26 kDa band might correspond to basic 7S. Vicilin (8S) was found to be the main component in MBPI, and legumin type (11S) globulins were the other main proteins. A general decrease in the intensities of subunits with molecular weights of 60, [43] [44] [45] [46] [47] [48] 32 , and 26 kDa attributed to vicilin was observed in MBPI-D; the intensities of all these subunits decreased with conjugation time, which suggested that these subunits participated in the graft reaction between MBPI and dextran. The bands in MBPI-D-80 corresponding to 32 and 26 kDa even disappeared after 5 h of treatment, and the 60 kDa band faded away after 4 h of conjugation; the 21 kDa bands could hardly be found after 2 h of treatment. This result suggested that the 21 kDa bands in MBPI-D-80 corresponding to 11S globulin were the most vulnerable to dextran followed by the 60, 32, and 26 kDa. The intensities of these bands in MBPI-D-90 decreased more significantly than those in MBPI-D-80.
Some new bands were obtained in MBPI-D-80 and MBPI-D-90 with high molecular weight, which may have been due to conjugate formation or protein aggregation. Previously, Diftis and Kiosseoglou [12] showed that SBPI-NaCMC results in the appearance of two broad bands near the tops of the stacking and separation gels, which indicates a wide distribution of molecular weights of the products of the reaction, which, apart from protein-polysaccharide hybrids, might consist of polymerized protein molecules due to isopeptide or disulfide bond formation.
Fluorescence spectrum
Average fluorescence spectra (Figs. 6A and 6B ) of the MBPI-D samples were obtained to evaluate conformational changes around the Trp residues. Because Trp residues of a protein are excited at 280 nm, the changes in the tertiary structure of the protein can be determined from the fluctuations of the fluorescence. [39, 40] In plant protein, two aromatic amino acid residues, tryptophan (Trp) and tyrosine (Tyr), make the major contribution to the ultraviolet fluorescence of the protein. As the energy transfer from the tyrosine residues to the tryptophan residues leads to quenching of the fluorescence of the tyrosine residues and enhancement of the fluorescence of the tryptophan residues, it is generally accepted that the protein fluorescence results mainly from the fluorescence of Trp residues, whose peak position is between 325 and 350 nm. [15, 41] We found that the fluorescence intensity of MBPI-D was lower than that of MBPI and it decreased with graft time. Consistent with this, previously, Hattori et al. [42] indicated that the polysaccharide chains shield the area around the Trp residues and thus decrease the fluorescence intensity of Trp. Li et al. [43] showed that high degree of graft during glycation leads to a higher decrease in fluorescence intensity. These reports also explain why fluorescence intensity of MBPI-D-90 with same graft time was markedly decreased.
Generally, when using Trp fluorescence λ max information, a Trp is assigned as being buried and in a "nonpolar" environment if λ max is <330 nm; if λ max is >330 nm, the Trp is assigned to be in a "polar" environment. [44] In this study, the λ max of MBPI and MBPI-D samples was >330 nm in all cases, which suggested that the tryptophans of MBPI and MBPI-D were in a "polar" environment. The Maillard reaction between MBPI and dextran led to a general shift of λ max to longer wavelengths (bathochromic shift). The λ max of MBPI-D-80 increased from 340.4 up to 344.2 nm with an increase in treatment time to 4 h, which suggested that the conjugated dextran partially unfolded the structure of MBPI to be less compact, which was favorable for emulsifying property; MBPI denaturation is also a possible reason for this phenomenon. A decrease in λ max of MBPI-D-80 was observed for 5 and 6 h of treatment time, which might be related to protein aggregation; this result was also consistent with the results of CD analysis. A similar change was observed in the λ max of MBPI-D-90; the highest λ max was observed for MBPI-D-90 with 3 h of graft treatment. In comparison, the λ max of MBPI-D-90 was higher than that of MBPI-D-80 for same graft time, which suggested that more grafted dextran or higher degree of denaturation led to a less compact structure.
CD analysis
The far-ultraviolet CD spectra were used to determine changes in the secondary structures of the native MBPI and MBPI-D conjugates prepared using the Maillard reaction (Figs. 7A and 7B). The negative shoulder peak at 215 nm indicated the existence of a β-sheet structure in MBPI, whereas the negative groove at 205 nm might have arisen from the negative Cotton effect caused by the α-helix structure. The secondary structure was estimated using the CONTIN/LL algorithm, which was provided by Jasco Corp. and originated from the method described by Sreerama et al. [45] The estimated secondary structure content is shown in Table 1 and Table 2 .
We found that MBPI contained 19.7% α-helix, 26.7% β-sheet, 21.3% β-turns, and 32.3% unordered structure. The addition of dextran did not significantly change the secondary structure of MBPI. In general, the α-helix content of MBPI-D-80 was lower than that of MBPI, while the β-sheet content of MBPI-D-80 was higher than that of MBPI. It has been reported that the decrease in αhelix content is attributed to polysaccharides being bound to the ε-amino group in the α-helix region. [46] A loss of α-helix structure has also been observed in whey protein isolate conjugated with dextran, where the loss of secondary structure was considered a result of heating unfolding or from the attachment of dextran. [47] In conclusion, heating unfolding and grafted dextran might have decreased the α-helix content of MBPI-D-80 and transformed to β-sheet. With the proceeding of the Maillard reaction between MBPI and dextran, the content of α-helices and unordered structures of the MBPI-D-80 conjugates were significantly increased and then decreased, and the content of β-sheets and β-turns generally decreased and then increased. Previously, Chen et al. [48] explained that the introduction of a Dex chain to the protein chain may be attributed to hydrogen bonds, Van der Waals interactions, and molecular entanglement between Dex and the charged phosphatidylserine groups in the core of phosvitin. However, in our study, the decreased α-helix content and unordered structure and increased β-sheet content of MBPI-D-80 under 4-6 h of heat treatment could be attributed to glycoprotein aggregation. Previously, Lee et al. [49] reported that the involvement of β-sheets in the secondary structure of protein aggregates might be attributed to the relatively large surface areas for ordered hydrogen bonding. Consistent with the results of our study, our previous research also showed that protein aggregate have higher β-sheet and β-turn content. [36] The α-helix content of MBPI-D-90 gradually increased and then decreased with treatment time, while the β-sheet content first decreased and then increased. The change in these structures of MBPI-D-90 was similar to that observed in MBPI-D-80. Further, the β-turn content first increased and then decreased, but the content of unordered structure generally increased with time. The increase in the content of unordered structures might be related with protein denaturation. [47, 50] Our results suggested that 4-6 h of treatment might have led to a greater degree of unfolding than protein aggregation, which is consistent with the results of our fluorescence analysis.
Conclusion
Maillard reaction between MBPI and dextran led to structural modifications and partial unfolding and endowed MBPI-D conjugate better solubility, EAI, and ESI than MBPI, however, the formation of protein aggregation decreased the solubility, surface hydrophobicity, EAI, and ESI of MBPI-D. In general, these functional properties of MBPI-D obtained at 80°C with lower DG and browning degree were better than those of MBPI-D obtained at 90°C, which could have been because the excessive grafted dextran and more protein aggregation formed in MBPI-D-90, which induced structural changes and impaired these functions. All the results suggested that wet-heating Maillard reaction could potentially be applied as a means to improve the functional properties of MBPI. Further investigations need to be conducted to achieve more improvements in the protein physicochemical properties of proteins and to elucidate the mechanism by which the Maillard reaction facilitates such improvements. 
